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ABSTRACT

Chromosomal aneuploidies are observed in essentially all sporadic
carcinomas. These aneuploidies result in tumor-specific patterns of
genomic imbalances that are acquired early during tumorigenesis, con-
tinuously selected for and faithfully maintained in cancer cells. Although
the paradigm of translocation induced oncogene activation in hematologic
malignancies is firmly established, it is not known how genomic imbal-
ances affect chromosome-specific gene expression patterns in particular
and how chromosomal aneuploidy dysregulates the genetic equilibrium of
cells in general. To model specific chromosomal aneuploidies in cancer
cells and dissect the immediate consequences of genomic imbalances on
the transcriptome, we generated artificial trisomies in a karyotypically
stable diploid yet mismatch repair-deficient, colorectal cancer cell line and
in telomerase immortalized, cytogenetically normal human breast epithe-
lial cells using microcell-mediated chromosome transfer. The global con-
sequences on gene expression levels were analyzed using cDNA arrays.
Our results show that regardless of chromosome or cell type, chromo-
somal trisomies result in a significant increase in the average transcrip-
tional activity of the trisomic chromosome. This increase affects the
expression of numerous genes on other chromosomes as well. We there-
fore postulate that the genomic imbalances observed in cancer cells exert
their effect through a complex pattern of transcriptional dysregulation.

INTRODUCTION

Aneuploidy is a consistent genetic alteration of the cancer genome
(1–4). When the first quantitative measurements of the DNA content
of cancer cells were performed, aneuploidy was defined as a variation
in nuclear DNA content in the population of cancer cells within a
tumor (5). With increased resolution of cytogenetic techniques, such
as chromosome banding (6), comparative genomic hybridization
(CGH; ref. 7), spectral karyotyping (SKY), and multiplex fluores-
cence in situ hybridization (8, 9), it has become clear that in addition
to nuclear aneuploidy, specific nonrandom chromosomal imbalances
(heretofore referred to as chromosomal aneuploidy) exist. Indeed,
despite genetic instability in cancer genomes, cancer cell populations
as a whole display a surprisingly conserved, tumor-specific pattern of
genomic imbalances (4, 10, 11). At early steps in the sequence of
malignant transformation during human tumorigenesis, e.g., in prein-
vasive dysplastic lesions, such chromosomal aneuploidies can be the
first detectable genetic aberration (12–17). This suggests that there is
both an initial requirement for the acquisition of specific chromo-
somal aneuploidies and a requirement for the maintenance of these
imbalances despite genomic and chromosomal instability. This would
be consistent with continuous selective pressure to retain a specific
pattern of chromosomal copy number changes in the majority of

tumor cells (4, 18–20). Additionally, in cell culture model systems in
which cells are exposed to different carcinogens, chromosomal ane-
uploidy is the earliest detectable genomic aberration (21, 22).

The conservation of these tumor and tumor-stage–specific patterns
of chromosomal aneuploidies suggests that they play a fundamental
biological role in tumorigenesis. It remains, however, unresolved how
such genomic imbalances affect global gene expression patterns. One
could postulate that expression levels of all transcriptionally active
genes on trisomic chromosomes would increase in accordance with
the chromosome copy number. Alternatively, changing the expression
level of only one or a few genes residing on that chromosome through
tumor-specific chromosomal aneuploidies may be the selective ad-
vantage necessary for tumorigenesis. This would require the perma-
nent transcriptional silencing of most of the resident genes. Another
formal possibility that must be entertained is that chromosomal copy
number changes are either neutral or inversely correlated with respect
to gene expression levels. This would mean that gains or losses of
chromosomes are a byproduct of specific gene mutation and may not
offer any selective advantage. Methodology to analyze the conse-
quences of chromosomal imbalances in tumor genomes has become
available through the development of microarray based gene expres-
sion profiling, yet the few reports that attempt to specifically address
this problem come to quite different conclusions (23–27).

Because of the many chromosomal aberrations usually found in
cancer cells, it is difficult, if not impossible, to identify the conse-
quences of specific trisomies, independent from other coexisting
genomic imbalances, gene mutations, or epigenetic alterations (28).
To develop a model system that allows direct correlation of acquired
chromosome copy number alterations with transcriptional activity in
genetically identical cells, we have used microcell-mediated chromo-
some transfer methodology. The introduction of three different chro-
mosomes into karyotypically diploid, mismatch repair-deficient colo-
rectal cancer cells and into immortalized normal breast epithelial cells
allowed an assessment of the consequences of specific aneuploidies
on global gene expression levels relative to their diploid parental cells.

MATERIALS AND METHODS

Microcell-Mediated Chromosome Transfer. Mouse/human hybrid cell
lines were purchased from the Coriell Repository5 and the Japan Health
Sciences Foundation6. All hybrids were cultured according to manufacturers’
recommendations. The diploid colorectal cancer cell line, DLD1, was pur-
chased from American Type Culture Collection.7 The telomerase immortalized
mammary epithelial cell line (hTERT-HME) was purchased from Clontech
(Palo Alto, CA) and cultured in the recommended medium. Both recipient cell
lines were first tested for the optimal concentration of G418 (Geneticin;
Invitrogen, Carlsbad, CA). Microcell-mediated chromosome transfer method-
ology was performed as described previously (29, 30). Briefly, donor A9 cells
were grown in six Nunclon T-25 flasks at 1 � 106 cells/flask in media
containing 500 �g/mL Geneticin. Cells were incubated with 0.05 �g/mL
Colcemid in media plus 20% serum for 48 hours to induce micronuclei
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formation. Cells were centrifuged in the presence of 10 �g/mL cytochalasin B
at 8000 rpm for 1 hour at 34°C to isolate micronuclei. Micronuclei were
purified by sequential filtration through sterile 8-, 5-, and 3-�m filters (Mil-
lipore, Billerica, MA). Purified micronuclei were incubated with the recipient
cells for 15 to 20 minutes in phytohemagglutinin P containing medium (100
�g/mL). The medium was removed, and cells were coated with 1 mL of PEG
1500 (Roche, Indianapolis, IN) for 1 minute followed by three washes with
serum-free medium and incubated overnight in serum containing medium.
Cells were plated onto 100 mm2 plates at 1 � 106cells/plate in medium plus
Geneticin (200 �g/mL for DLD1 clones and 50 �g/mL for hTERT-HME
clones) for 2 to 3 weeks, until clones appeared. Clones were expanded and
tested for incorporation of neomycin-tagged chromosome by fluorescence in
situ hybridization (FISH) using whole chromosome-specific paint probes and
a neomycin-specific DNA probe. We generated four derivative cell lines:
DLD1 containing an extra copy of chromosome 3 (DLD1 � 3); an extra copy
of chromosome 7 (DLD1 � 7); and chromosome 13 (DLD1 � 13). In addition,
chromosome 3 was introduced into the karyotypically normal immortalized
mammary epithelial cell line (hTERT-HME �3).

FISH and Spectral Karyotyping. Chromosome-specific painting probes
were hybridized to confirm the incorporation of a given chromosome in the
derived clones and centromere specific probes (Vysis, Downers Grove, IL)
were used for quantitation of chromosome incorporation rate. FISH was

performed as described previously (31). Briefly, slides were pretreated with
RNase, fixed, and denatured in 70% formamide/2� SSC for 1.5 minutes at
80°C. Centromere/telomere probes were denatured at 74°C for 5 minutes and
placed on the denatured slides, coverslipped, and incubated at 37°C overnight
(16 to 20 hours). Slides were washed, counterstained with 4�,6-diamidino-2-
phenylindole and mounted with antifade solution. Images were acquired on a
DMRXA epifluorescence microscope (Leica, Wetzlar, Germany) using Q-
Fluoro software (Leica, Cambridge, United Kingdom). SKY was performed as
described previously (8). Slides were pretreated with RNase, followed by
pepsin to remove cytoplasm and denatured as described above. Slides were
then hybridized with a SKY probe mixture for 72 hours at 37°C. Images were
acquired and processed as described previously (8).

Microarray Analysis. RNA samples were prepared from multiple pas-
sages from each cell culture, and total RNA was extracted using TRIZOL
(Invitrogen, Carlsbad, CA) followed by Qiagen RNeasy column purification
(Qiagen, Valencia, CA) at least two separate times for each cell line. Each
replicate RNA preparation was hybridized using a slightly modified protocol
from ref. 32 on separate occasions. Extraction and hybridization protocols used
can be viewed in detail online.8 In brief, 20 �g of total RNA were reverse

8 Internet address: http://www.riedlab.nci.nih.gov.

Fig. 1. Characterization of chromosome transfer
clones. A, representative interphase/metaphase
FISH experiment with 4�,6-diamidino-2-phenylin-
dole counterstained DNA and centromere probes
for chromosomes 3 (yellow) and 7 (red) in the
DLD1 � 7 clone. B, population of cells within each
clone containing two (yellow), three (red), or more
than three (blue) copies of the introduced chromo-
some. C, representative karyotype from a SKY
analysis of the parental cell line, DLD1. D, a spec-
tral karyotype from the DLD1 � 3 clone clearly
showing three copies of chromosome 3 and main-
tenance of the diploid DLD1 background.
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transcribed using random primers and converted into cDNA using reverse
transcriptase. After incorporation of aminoallyl-conjugated nucleotides, the
RNA was indirectly labeled with Cy3 (cell line RNA) and Cy5 (reference
RNA; Amersham, Piscataway, NJ). Each sample was hybridized against uni-
versal human reference RNA (Stratagene, La Jolla, CA) in a humid chamber
(Arraylt Hybridization Cassette, TeleChem Intl., Sunnyvale, CA) for 16 hours
at 42°C, washed, and scanned by the Axon GenePix 4000B Scanner (Axon
Instruments, Union City, CA). Three replicates and a reverse fluorochrome
labeling were performed for each sample (see Supplementary Table 1). We
used customized arrays obtained from the National Cancer Institute’s Ad-
vanced Technology Center. All arrays were hybridized within two print
batches and composed of 9128 cDNA denatured and immobilized on a poly-
L-lysine–coated glass surface. The gene annotation file (GAL file) used for
both print batches (Hs-UniGEM2-v2px-32Bx18Cx18R.gal) can be found at the
Advanced Technology Center web site.9 GenePix software version 4.0.1.17
was used to apply the GAL file through an interactive gridding process (33).

Microarray Quality Assessment and Data Analysis. Log ratios for each
spot were calculated as follows: in each channel, signal was calculated as
foreground mean minus background median. If the signal was �100 in a single
channel, the signal value in that channel was set to 100. If the signal was �100
in both channels, the spot was flagged as unreliable and not used in further
analyses. Ratios for nonflagged spots were calculated by dividing the green
(Cy3) signal by the red (Cy5) signal and then a log base 2 transformation was
applied. Log ratios were normalized within each array by subtracting from
each the median log ratio value across the spots on the array. These median-
normalized log ratios (removing all flagged spots) were used in all subsequent
analyses. Intensity-based normalization was considered; however, based on the
diagnostic plots (Supplementary Fig. 1), a global normalization approach (with
the truncation of signal at 100) was considered superior for this data set (34).

To determine whether the hybridizations were of sufficient quality to extract
meaningful and statistically relevant conclusions, we examined the correlation
among the four replicate arrays within each experimental condition. These
pairwise correlations were calculated to assess the variability between hybrid-
izations (technical repeats), cells at the time of harvest (biological repeats), and
due to the physical properties of the individual fluorochromes (reverse-fluo-
rochrome labeling). This was done for each of the six different experimental
groups: DLD1, DLD1 � 3, DLD1 � 7, DLD1 � 13, hTERT-HME, and
hTERT-HME �3. DLD1 was analyzed on two print batches (I and II). For the
three purely technical replicates, the pairwise correlations were 0.83, 0.87, and

0.87 (see Supplementary Table 1). In subsequent analyses, all replicates within
experimental conditions were treated equally, regardless of whether they were
between-extraction, between-hybridization, or reverse fluorochrome replicates
because the correlation analysis indicated that in this experimental system,
between-extraction variability, or reverse fluorochrome variability (ratios in-
verted) contributed little additional variability over and above that due to
hybridization. In Tables 1–5, columns labeled Ratio.0 for DLD1 represent the
average value of eight replicate arrays from both print batches, Ratio.3 is
normalized to the DLD1 Ratio.0 from print batch 2, and Ratio.7 and Ratio.13
are normalized to the DLD1 Ratio.0 from print batch 1.

The second phase of the analysis was to produce summary statistics of the
expression levels within each group at the gene level, chromosome level, and
chromosome arm level. All calculations were done on the log base 2 scale. To
produce gene level summaries, the mean and SD of the log ratios for each gene
across the four arrays within each group (missing values dropped) were
calculated. Diagnostic plots (see Supplementary Fig. 1) suggested that the SD
was constant as a function of mean log ratio across genes within a group, so
an overall average SD was computed for each group as the median SD overall
genes. For each array and each chromosome, chromosome level summaries
were calculated by averaging log ratios from genes known to be located on that
chromosome. When average expression ratios are reported, they have been
obtained by taking antilog of the mean log ratios. Comparisons between
experimental groups were conducted at each of the chromosome, chromosome
arm, and gene levels (see Supplementary Materials and Methods for details).

RESULTS

Microcell-Mediated Chromosome Transfer. To analyze the im-
mediate consequences of chromosomal copy number changes on gene
expression profiles, we generated derivatives of the diploid colorectal
cancer cell line, DLD1, and immortalized human mammary epithelial
cell line (hTERT-HME) using microcell-mediated chromosome trans-
fer to introduce extra copies of neomycin-tagged chromosomes 3, 7,
and 13. We were successful in establishing clones for each of the
derivative lines. The experiments conducted here were performed at
low cell passage numbers and FISH with chromosome-specific probes
confirmed the maintenance of extra copies of these chromosomes
under neomycin selective cell culture conditions (Fig. 1A). A sum-
mary of the quantitative FISH data for each cell clone is given in Fig.
1B. We also performed SKY analysis to determine whether the9 Internet address: http://nciarray.nci.nih.gov.

Table 1 Average gene expression profiles by chromosome

Chromosome

DLD1 hTERT-HME

Ratio.0 Ratio.7 vs 0 P.7 vs 0 Ratio.13 vs 0 P.13 vs 0 Ratio.3 vs 0 P.3 vs 0 Ratio.0 Ratio.3 vs 0 P.3 vs 0

1 0.96 1.03 0.0242 1.01 0.99 0.98 1.02
2 0.98 1.03 1.00 1.00 1.00 0.98
3 0.92 0.98 1.00 1.17 <0.0001 0.98 1.20 <0.0001
4 1.04 0.98 0.98 0.98 1.11 0.96
5 0.93 1.00 0.99 1.02 0.99 0.99
6 0.93 1.05 0.0183 1.02 0.99 0.94 0.96
7 0.86 1.19 <0.0001 0.98 0.99 0.88 1.02
8 0.93 1.02 1.02 1.01 1.00 0.98
9 0.96 1.00 1.00 0.98 0.96 1.00

10 1.01 1.01 0.99 1.00 1.03 1.01
11 0.92 1.01 0.97 1.00 0.95 0.99
12 0.92 1.05 0.0147 0.99 1.00 0.93 0.99
13 0.99 1.01 1.26 0.0009 1.04 1.11 0.99
14 0.92 1.02 1.01 1.02 0.93 1.00
15 0.90 1.03 1.02 1.01 0.97 1.01
16 0.92 1.05 1.01 0.99 0.87 1.00
17 1.00 1.06 1.02 0.99 0.98 0.98
18 1.03 1.01 1.04 1.01 1.19 0.94
19 0.94 1.02 0.95 0.99 0.94 1.01
20 0.87 1.01 1.01 0.99 0.93 1.00
21 0.89 1.04 1.03 0.99 0.87 1.00
22 0.94 1.04 0.98 0.97 0.91 1.00
X 0.79 1.03 0.99 0.99 0.85 1.02
Y 1.10 1.00 0.99 0.74 0.0002 0.99 0.99

NOTE. For each chromosome, the average expression ratio for all genes on that chromosome relative to the reference RNA pool is given for the parental line (Ratio.0). The average
chromosome expression ratios relative to the same reference RNA pool for each chromosome transfer clone is then normalized to the parental ratio value (Ratio.3 vs 0, Ratio.7 vs 0,
and Ratio.13 vs 0) and their respective P values from two-sample t tests. Ratio values having P � 0.001 were considered significant and are in bold. P values � 0.05 are not reported.
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chromosome transfer process induced secondary karyotypic changes.
With the exception of loss of the Y chromosome in all DLD1 � 3
cells analyzed and in a small percentage of DLD1 � 7 cells, all four
derivative lines maintained the diploid karyotype of the parental cell
line and contained the additional copy of the introduced chromosome
(Fig. 1, C and D). These results were also confirmed by CGH (the
results can be viewed in detail online).10

Chromosome-Specific Gene Expression Patterns. With the se-
lection of these clones, we could now examine the consequence of
chromosome copy number increases on the average transcriptional
activity of the trisomic chromosome. Table 1 shows the average gene
expression ratios for each of the introduced chromosomes. This was
obtained by averaging the expression ratios of all of the genes on that
chromosome. The expression level of genes in the parental cell lines
DLD1 and hTERT-HME was compared with a common reference
RNA (Stratagene, La Jolla, CA; Table 1, Ratio.0). Ratios from the
four derivative cell lines compared with the same reference RNA were
subsequently normalized to the respective parental cell line ratios
(Table 1, Ratio.3 vs 0, Ratio.7 vs 0, Ratio.13 vs 0 for DLD1 and
Ratio.3 vs 0 for hTERT-HME). Because of the large number of P

values being examined, we only discuss here results when P � 0.001
for comparisons where no hypothesis was prespecified. The introduc-
tion of chromosome 3 resulted in a significant increase in average
gene expression on chromosome 3 (Ratio.3 vs 0 � 1.17, P � 0.0001).
The addition of chromosome 7 resulted in a similar increase in the
average expression ratio for chromosome 7 genes (Ratio.7 vs
0 � 1.19, P � 0.0001) and trisomy of chromosome 13 resulted in an
increase in the average expression ratio for genes on chromosome 13
(Ratio.13 vs 0 � 1.26, P � 0.0009).

To determine whether this effect was specific for DLD1 per se or
specific for the tissue of origin (colon), we analyzed the effect of an
additional copy of chromosome 3 in a mammary epithelial cell line
(hTERT-HME). The introduction of chromosome 3 into telomerase
immortalized, karyotypically normal mammary epithelial cells re-
sulted in an increase in the average gene expression of chromosome 3
genes as well (Ratio.3 vs 0 � 1.20, P � 0.0001). The results for the
average gene expression increases are pictorially presented in Fig. 2.
This figure clearly shows the average increase in expression of genes
located on the trisomic chromosome compared with diploid chromo-
somes. When this analysis was repeated at the level of chromosome
arms, no additional significant changes became apparent at the
P � 0.001 level in any of the derivative cell lines (see Supplementary10 Internet address: http://www.ncbi.nlm.nih.gov/sky/skyweb.cgi.

Fig. 2. Global gene expression profiles. Each scatterplot displays all genes and their corresponding normalized expression ratio values along the length of each chromosome. Values
in open light blue circles and open light orange circles represent ratio values between 0.5 and 2.0. Dark blue dots represent expression ratios � 2.0 and dark orange dots are ratios � 0.5.
The X axis shows the starting bp location of each gene.
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Table 2). Likewise, we did not observe any obvious local (i.e.,
chromosome band) clustering or region specific distribution of up-
regulated genes on the trisomic chromosome.

Global Gene Expression Patterns. In addition to analyzing aver-
age, chromosome-specific gene expression levels for the introduced
chromosomes, we were interested in identifying additional, signifi-
cantly dysregulated genes throughout the genome. The influence of
chromosomal aneuploidy on the expression level of individual genes

was examined by considering only those genes whose expression
ratios were �2.0 (up-regulated) or �0.5 (down-regulated) when com-
pared with the parental cell line. For clone DLD1 � 7, 155 genes were
up-regulated and 47 down-regulated (23%) beyond these thresholds.
Of those genes with known map locations, 18% (35 of 194) map to
chromosome 7 and 32 of these were up-regulated (Table 2). Regard-
ing chromosome 13, 92 genes were up-regulated and 72 were down-
regulated (44%). Of those with known map locations, 6% (10 of 162)

Table 2 Genes significantly altered in expression in DLD1 � 7 and located on chromosome 7

Ratio.7 vs 0 Map Gene Description

Up-regulated genes
12.40 7p21.2 TWIST Twist homologue (acrocephalosyndactyly 3; Saethre-Chotzen

syndrome) (Drosophila)
3.26 7q21.3-q22.1 NPTX2 Neuronal pentraxin II
3.15 7q32.3 SMO Smoothened homologue (Drosophila)
3.14 7q21 GNAI1 “Guanine nucleotide binding protein (G protein), � inhibiting

activity polypeptide 1”
3.13 7q21.3-q22.1 NPTX2 Neuronal pentraxin II
2.98 7q22 TRIP6 Thyroid hormone receptor interactor 6
2.93 7p12 GBAS Glioblastoma amplified sequence
2.69 7q36.1 RARRES2 Retinoic acid receptor responder (tazarotene induced) 2
2.56 7q22 PCOLCE Procollagen C-endopeptidase enhancer
2.41 7q21.3 ASNS Asparagine synthetase
2.40 7q21 STEAP Six transmembrane epithelial antigen of the prostate
2.37 7q31.1 CAV2 Caveolin 2
2.27 7q11.23 PMS2L9 Postmeiotic segregation increased 2-like 9
2.26 7q11.23 PTPN12 “Protein tyrosine phosphatase, nonreceptor type 12”
2.25 7p13-p12 HUS1 HUS1 checkpoint homologue (Schizosaccharomyces pombe)
2.25 7q11.23 BCL7B B-cell CLL/lymphoma 7B
2.17 7q31.1 HBP1 HMG-box containing protein 1
2.13 7q31.1 ZNF277 Zinc finger protein (C2H2 type) 277
2.13 7q21.3-q22 SERPINE1 “Serine (or cysteine) proteinase inhibitor, clade E (nexin,

plasminogen activator inhibitor type 1), member 1”
2.12 7p14-cen BLVRA Biliverdin reductase A
2.10 7q21 STEAP2 Six transmembrane epithelial antigen of prostate 2
2.10 7q36.3 KIAA0010 Ubiquitin-protein isopeptide ligase (E3)
2.09 7p12.3 LOC285958 Hypothetical protein LOC285958
2.08 7q11.23 MK-STYX MAP kinase phosphatase-like protein MK-STYX
2.08 7q21.3-q22.1 DSS1 Deleted in split-hand/split-foot 1 region
2.06 7q36 INSIG1 Insulin-induced gene 1
2.05 7q32 IRF5 IFN regulatory factor 5
2.04 7q21-q22 AKAP9 A kinase (PRKA) anchor protein (yotiao) 9
2.03 7p22.2 LOC221955 KCCR13L
2.02 7p22 LFNG Lunatic fringe homologue (Drosophila)
2.02 7p12.1 COBL KIAA0633 protein
2.00 7p22.3 EIF3S9 “Eukaryotic translation initiation factor 3, subunit 9 �, 116kDa”

Down-regulated genes
0.44 7p14 B1 PTH-responsive osteosarcoma B1 protein
0.46 7q11.23 NCF1 “Neutrophil cytosolic factor 1 (47kDa, chronic granulomatous

disease, autosomal 1)”
0.49 7q21.12 MGC26647 Hypothetical protein MGC26647

NOTE. For all of the genes in this table, the P value associated with the approximate z-test of the chromosome transfer clone expression ratio compared to the parental clone
expression ratio was �0.0001 with the exception of the following genes: NCF1, �neutrophil cytosolic factor 1 (47 kDa, chronic granulomatous disease, autosomal 1)� (P � 0.0155);
and MGC26647, hypothetical protein MGC26647 (P � 0.0016). This table shows the summary of genes up- or down regulated (�2.0 and �0.5, respectively) in the DLD1 � 7 cell
line that reside on chromosome 7. The ratio value, chromosome map location, name, and description are given for each gene.

Table 3 Genes significantly altered in expression in DLD1 � 13 and located on chromosome 13

Ratio.13 vs 0 Map Gene Description

Up-regulated genes
20.94 13q13 MAB21L1 Mab-21-like 1 (Caenorhabditis elegans)
9.27 13q13.1 SPG20 “Spastic paraplegia 20, spartin (Troyer syndrome)”
5.24 13q22 SCEL Sciellin
3.25 13q32 ZIC2 “Zic family member 2 (odd-paired homologue,

Drosophila)”
2.64 13 “ESTs, weakly similar to cytokine receptor-like factor 2;

cytokine receptor CRL2 precursor (Homo sapiens)”
2.48 13q21.33 LMO7 LIM domain only 7
2.21 13q31.2-q32.3 STK24 “Serine/threonine kinase 24 (STE20 homologue, yeast)”
2.20 13q34 C13orf11 Chromosome 13 open reading frame 11
2.03 13q14.3 ITM2B Integral membrane protein 2B
2.01 13 “Human BRCA2 region, mRNA sequence CG011”

NOTE. For all of the genes in this table, the P value associated with the approximate z-test of the chromosome transfer clone expression ratio compared to the parental clone
expression ratio was �0.0001 with the exception of the following genes: OTC, ornithine carbamoyltransferase (P � 0.0001); C14orf2, chromosome 14 open reading frame 2
(P � 0.0017); and NCF1, �neutrophil cytosolic factor 1 (47 kDa, chronic granulomatous disease, autosomal 1)� (P � 0.0027). This table shows the summary of genes up- or
down-regulated (�2.0 and �0.5, respectively) in the DLD1 � 13 cell line that reside on chromosome 13. The ratio value, chromosome map location, name, and description are given
for each gene.
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mapped to chromosome 13, of which all were up-regulated (Table 3).
The introduction of chromosome 3 in DLD1 resulted in up-regulation
of 81 genes and down-regulation of 67 genes (45%). Here, those with
known map location, 12% (17/144) mapped to this chromosome and
all were up-regulated (Table 4). Interestingly, this derivative cell line
was the only one that demonstrated a highly significant decrease in the
average expression of a chromosome other than that which was made
trisomic (chromosome Y; Ratio.3 vs 0 � 0.74, P � 0.0002). The
introduction of this same chromosome 3 into the hTERT-HME cells
results in up-regulation of 91 genes and down-regulation of 49 genes
(35%). Of those with known map location 17% (23 of 135) mapped

to chromosome 3, 21 of which were up-regulated (Table 5). Strik-
ingly, no genes were affected in common among any of the four cell
lines. Table 6 displays the quantitative summary and respective chro-
mosome designation of all genes whose expression was altered 2-fold
in each cell line. The comprehensive gene lists of the above data are
available in the Supplementary Tables 3–6. Five percent of all genes
on the array mapped to each chromosome 7 and 3. For chromosome
13, the percentage was 1.7%. The observed percentages of up-regu-
lated genes located on chromosomes 7 and 3 were each �20%, and
the observed percentage of up-regulated genes residing on chromo-
some 13 was �10%. Thus, the percentages of up-regulated genes

Table 4 Genes significantly altered in expression in DLD1 � 3 and located on chromosome 3

Ratio.3 vs 0 Map Gene Description

Up-regulated genes
5.71 3q12.1 ESDN Endothelial and smooth muscle cell-derived neuropilin-like protein
5.55 3q21 MYLK “Myosin, light polypeptide kinase”
4.43 3p22-p21.3 CCK Cholecystokinin
4.21 3q25.1-q26.1 SMARCA3 “SWI/SNF-related, matrix-associated, actin-dependent regulator of

chromatin, subfamily a, member 3”
4.18 3q13 PVRL3 Poliovirus receptor-related 3
3.38 3p26 BHLHB2 “Basic helix-loop-helix domain containing, class B, 2”
3.23 3p21-p14 PTPRG “Protein tyrosine phosphatase, receptor type, G”
3.17 3p21 SCN5A “Sodium channel, voltage-gated, type V, � polypeptide �long

(electrocardiographic) QT syndrome 3�”
3.10 3q23 RBP1 “Retinol binding protein 1, cellular”
2.65 3q26.2-q26.3 CLDN11 Claudin 11 (oligodendrocyte transmembrane protein)
2.50 3q26.2 SERPINI1 “Serine (or cysteine) proteinase inhibitor, clade I (neuroserpin),

member 1”
2.44 3p14.3-p14.2 ADAMTS9 “A disintegrin-like and metalloprotease (reprolysin type) with

thrombospondin type 1 motif, 9”
2.38 3q21-q23 MRPL3 Mitochondrial ribosomal protein L3
2.33 3q26 SKIL SKI-like
2.18 3q27-q28 SIAT1 “Sialyltransferase 1 (�-galactoside �-2,6-sialyltransferase)”
2.17 3q23-q24 CLSTN2 Calsyntenin 2
2.00 3q21.2 KIAA1237 KIAA1237 protein

NOTE. For all of the genes in this table, the P value associated with the approximate z-test of the chromosome transfer clone expression ratio compared to the parental clone
expression ratio was �0.0001. This table shows the summary of genes up- or down-regulated (�2.0 and �0.5, respectively) in the DLD1 � 3 cell line that reside on chromosome
3. The ratio value, chromosome map location, name, and description are given for each gene.

Table 5 Genes significantly altered in expression in hTERT-HME �3 and located on chromosome 3

Ratio.3 vs 0 Map Gene Description

Up-regulated genes
5.21 3p21-p22 PFKFB4 “6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4”
3.97 3p11-q11.2 PROS1 Protein S (�)
3.17 3q21 MCM2 “MCM2 minichromosome maintenance deficient 2, mitotin

(Saccharomyces cerevisiae)”
2.92 3q13.2 LOC152185 Hypothetical protein AY099107
2.32 3q26.1 SMC4L1 SMC4 structural maintenance of chromosomes 4-like 1 (yeast)
2.27 3p22-p21.3 PLCD1 “Phospholipase C, � 1”
2.24 3q23-q24 PLOD2 “Procollagen-lysine, 2-oxoglutarate 5-dioxygenase (lysine

hydroxylase) 2”
2.21 3q26.1-q26.2 ECT2 Epithelial cell-transforming sequence 2 oncogene
2.20 3p26 BHLHB2 “Basic helix-loop-helix domain containing, class B, 2”
2.17 3q21 MYLK “Myosin, light polypeptide kinase”
2.15 3q23-q24 TAZ Transcriptional co-activator with PDZ-binding motif (TAZ)
2.10 3 Homo sapiens clone 24627 mRNA sequence
2.08 3p24.1-p21.2 CELSR3 “Cadherin, EGF LAG seven-pass G-type receptor 3 (flamingo

homologue, Drosophila)”
2.06 3p22 TGFBR2 “Transforming growth factor, � receptor II (70/80 kDa)”
2.04 3p25-p24 SLC6A6 “Solute carrier family 6 (neurotransmitter transporter, taurine),

member 6”
2.04 3q27 RFC4 “Replication factor C (activator 1) 4, 37 kDa”
2.03 3p22-p21.3 XYLB Xylulokinase homologue (Haemophilus influenzae)
2.02 3q25.1-q26.1 SMARCA3 “SWI/SNF-related, matrix-associated, actin-dependent regulator of

chromatin, subfamily a, member 3”
2.02 3p12.3 GBE1 “Glucan (1,4-�-), branching enzyme 1 (glycogen branching enzyme,

andersen disease, glycogen storage disease type IV)”
2.01 3p21.3 SLC26A6 “Solute carrier family 26, member 6”
2.01 3p21.31 STAB1 Stabilin 1

Down-regulated genes
0.30 3q28-q29 CLDN1 Claudin 1
0.48 3p24.1 NR1D2 “Nuclear receptor subfamily 1, group D, member 2”

NOTE. For all of the genes in this table, the P value associated with the approximate z-test of the chromosome transfer clone expression ratio compared with the parental clone
expression ratio was �0.0001. This table shows the summary of genes up- or down-regulated (�2.0 and �0.5, respectively) in the hTERT-HME �3 cell line that reside on chromosome
3. The ratio value, chromosome map location, name, and description are given for each gene.
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residing on the introduced chromosomes were substantially greater
than would have been expected by chance if up-regulation occurred at
random. The percentages of down-regulated genes residing on the
introduced chromosomes were no more than expected by chance.
Thus, we see not only a very specific increase in the overall average
expression of genes on the trisomic chromosomes but also increases in
a significant number of genes on those chromosomes, more than
would be expected by chance due to the composition of the arrays.
Additionally, a large number of genes on diploid chromosomes in
these derivatives were also significantly increased, revealing a more
complex global transcriptional dysregulation.

DISCUSSION

The application of cytogenetic techniques, in particular SKY and
CGH, to the analysis of chromosomal aberrations in carcinomas has
shown that recurrent patterns of genomic imbalances and chromo-
somal aneuploidies are common themes in tumors of epithelial origin
(4, 35, 36). These imbalances are specific for different tumors and, to
a certain extent, also tumor-stage specific and are maintained even
after prolonged propagation under cell culture conditions (37).
Genomic and chromosomal instability therefore do not seem to affect
the distribution of these acquired genetic alterations. In general,
imbalances of entire chromosomes, also referred to as chromosomal
aneuploidies, occur at early stages of tumorigenesis, whereas regional
amplifications typically occur in more advanced tumors. For instance,
one of the earliest genetic abnormalities observed in the development
of sporadic colorectal tumors is trisomy of chromosome 7 (19).
Usually, once acquired, these specific imbalances are maintained
despite ongoing chromosomal instability (38). It is therefore reason-
able to assume that continuous selective pressure for the maintenance
of established genomic imbalances exists in cancer genomes.

With the advent of technologies for the parallel monitoring of
global gene expression patterns, it has become possible to analyze the
consequences of such tumor-specific chromosomal aneuploidies on
the transcriptome. One can hypothesize that chromosomal aneu-
ploidies influence gene expression levels in several distinct ways:
firstly, the expression levels of all genes on an aneuploid chromosome
are affected by genomic copy number changes such that monosomy or
trisomy of a chromosome results in an overall reduction or increase of
absolute expression levels, respectively, of all or most genes; alter-
natively, chromosomal copy number changes affect only a few rele-
vant target genes on the aneuploid chromosome, and chromosome
missegregation and resulting aneuploidy are merely convenient mech-
anisms for simultaneously increasing and maintaining increased dos-
age of a limited number of chromosomally linked genes; thirdly,
aneuploidies do not have any appreciable affect (or even an inverse
affect) on gene expression levels.

Several groups have therefore engaged to address these hypotheses.
Phillips et al. (26) used a model system for prostate tumorigenesis and
found that relatively few genes on trisomic chromosomes were up-

regulated beyond a certain threshold; however, the average expression
level of all genes on that particular chromosome increased signifi-
cantly. Similarly, Platzer et al. (25) described silencing of genes on
chromosomes that are gained or amplified in primary liver metastases
of colorectal carcinomas. Quite a different picture emerges from four
other reports in which amplicons in primary breast cancers and breast
cancer-derived cell lines were analyzed by CGH and expression
profiling. These studies suggest a more direct impact of genomic copy
number changes on gene expression levels (23, 24, 27, 39). Although
the results of these six studies appear to be at odds with one another,
a direct comparison of the results is not easy. To begin with, four
different tumor types, including nonepithelial hematologic cells, were
analyzed. Although one could presuppose a general principle by
which gene copy number predictably affects gene expression patterns,
there is no compelling reason to assume this is the case. Therefore, we
must allow for the possibility that distinct tumors with dissimilar
chromosomal aneuploidies may in fact behave differently. Addition-
ally, the chromosome aberrations in the studies by both Phillips et al.
(26) and Platzer et al. (25) primarily involved whole chromosomes or
chromosome arms, whereas the breast cancers tended to have more
regional copy number changes (0.2 to 12 Mb; ref. 23). Finally, the
methodologies used were often different (e.g., chromosome CGH
versus array CGH and different platforms for expression analyses),
making it even more difficult to determine the source of the disparity.

To address the question of how acquired chromosomal aneuploidies
affect gene expression levels in a controlled setting, we generated a
unique experimental model system in which the only genetic alter-
ation between parental and derived cell lines is an extra copy of a
single chromosome. In all instances, the average transcriptional ac-
tivity of the trisomic chromosomes was significantly increased. Thus,
several important conclusions regarding the impact of chromosomal
aneuploidy on cellular transcription levels can be drawn from our
analysis. First, alterations in the copy number of whole chromosomes
results in an increase in average gene expression for that chromosome.
The average increase in gene expression (1.21), however, was lower
than the average increase of genomic copy number (1.44). These
results were consistent with results from similar analyses of aneuploid
colorectal, pancreatic and renal cancer derived cell lines in which we
observed a trend, indicating that indeed chromosomal aneuploidies
correlate with global transcription levels, at least for the majority of
commonly aneuploid chromosomes.11 Second, chromosomes not ob-
served to be aneuploid in particular tumor types (i.e., chromosome 3
in colorectal tumors) also have increased transcriptional activity when
placed into that cellular environment. Thus, their presence is not
neutral with respect to the transcriptome. In fact, the number of genes
that increase when chromosome 3 is introduced in either colorectal or
mammary gland cells is similar (however, only a few genes are the
same). Additionally, long-term culture of the DLD1 chromosome

11 M. J. Difilippantonio et al., personal communication.

Table 6 Summary of 2-fold altered gene lists

DLD1 � 7 DLD1 � 13 DLD1 � 3 HME �3

No. of genes two-fold altered 202 164 148 140
No. of up-regulated genes 155 92 81 91

Map on chromosome 32 10 17 21
Map off chromosome 117 82 64 66
Map unknown 6 0 0 4

No. of down-regulated genes 47 72 67 49
Map on chromosome 3 0 0 2
Map off chromosome 42 70 63 46
Map unknown 2 2 4 1

NOTE. Genes up or down regulated (normalized ratio � 2.0 and � 0.5, respectively).
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transfer clones indicate that chromosome 3 is rather quickly elimi-
nated from DLD1 cells (this differs from observations in DLD �7 and
DLD �13 cell lines). One could therefore hypothesize that increased
expression of certain genes residing on chromosome 3 results in
selective pressure against maintaining extra copies of this chromo-
some in DLD1 cells. This is not a novel concept and is in fact
supported by previous studies identifying tumor suppressor genes
through reversion of the tumor phenotype upon microcell-mediated
chromosome transfer (40, 41). Third, aneuploidy not only affects gene
expression levels on the chromosomes present in increased copy
numbers but a substantial number of genes residing on other chromo-
somes significantly increased or decreased, apparently in a stochastic
manner. This is of course consistent with known mechanisms of gene
regulation (e.g., activator and suppressor proteins, signaling pathways,
and so on) and the fact that genes residing in a given pathway are for
the most part distributed throughout the genome on different chromo-
somes.

Three groups have analyzed the consequences of constitutional
chromosomal trisomies on transcriptional activity in noncancerous,
fetal cells and in a mouse model of human trisomy 21 and reach
similar conclusions as we do (42–44). These studies concluded that
the average gene expression of trisomic chromosomes is clearly
increased, although this was not due to high-level up-regulation of
only a few specific genes. However, expression levels of multiple
genes throughout the genome were dysregulated. Normal cells with
constitutional chromosomal aneuploidies (or segmental duplications)
cannot tolerate trisomy of �4.3% of the genome (45, 46). However,
this limit is not merely a reflection of the DNA content because
multiple copies of an inactivated X-chromosome can be tolerated.
Therefore, this limit is more likely to be imposed by global disturb-
ance of the transcriptome as a consequence of genomic imbalances.
This hypothesis is supported by the recent identification of differential
average expression levels of specific chromosomes. For instance, the
average gene expression levels and gene density of chromosomes 13,
18, and 21 are lower than those of smaller chromosomes (46), yet
trisomy of only these chromosomes is compatible with life in non-
cancerous cells. It is interesting to speculate that one of the specific
features of emerging cancer cells, which would differ from nontrans-
formed cells that carry constitutional trisomies, would be the ability to
exceed this transcriptional threshold during the multiple steps required
for tumorigenesis. This global dysregulation of the transcriptome of
cancers of epithelial origin may also reflect on our ability for thera-
peutic intervention: although the consequences of a simple chromo-
somal translocation, such as the BCR/ABL fusion in chronic myelo-
genic leukemia, can be successfully targeted with an inhibitor of the
resulting tyrosine kinase activity such as Gleevec (47), the normal-
ization of the complex dysregulation of transcriptional activity in
carcinomas requires a more general, less specific, and hence more
complex interference.
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